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Periodic density functional theoryAb initio calculations of the complete unit cell of L-cysteine for both the orthorhombic and monoclinic
polymorphs have been carried out. The results suggest the presence of a previously unrecognised, weak
dihydrogen bond of a novel type: S–HN–H in the gauche conformer of the monoclinic polymorph. Com-
parison of the calculated transition energies to those observed in the infrared, Raman and inelastic neu-
tron scattering spectra of the orthorhombic form shows excellent agreement, as does the simulated INS
spectra to that experimentally measured. The assignments are in general agreement with those in the lit-
erature but differ in detail. The strong intermolecular interactions present make the use of periodic-DFT
essential in order to correctly assign the spectra. The need for, and the complementarity of, all three types
of vibrational spectra: infrared, Raman and INS is clearly demonstrated.
 2013 The Author. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
The amino acid L-cysteine (C3H7NO2S, see Fig. 1 for the struc-
ture) is a semi-essential (i.e. it can be biosynthesized in vivo) nutri-
ent in humans [1]. The sulfhydryl (S–H) group is important
biologically in that condensation of nearby sulfhydryl groups to
form covalent cystine disulﬁde linkages R–S–S–R is an often crucial
stabilization mechanism in protein structure [2].
Depending on the preparation conditions an orthorhombic
(space group P212121) [3–5] or a monoclinic (space group P21)
[6] form are obtained. In addition, several more phases are ob-
tained with the application of pressure [7]. In the solid state, as
with most amino acids, the compound exists as a zwitterion. Sev-
eral conformers are found; a gauche form in the orthorhombic
phase, Fig. 1b, a different gauche conformer, Fig. 1c, and a trans con-
former, Fig. 1d, in the monoclinic phase.
The vibrational spectra of L-cysteine have been recorded and as-
signed in both solution [8,9] and the solid state [10–14]. Spectral
assignments have been made using empirical force ﬁelds [15]
and Hartree–Fock calculations [10,16,17] based on the isolated
molecule approximation. For systems that exhibit strong intermo-
lecular interactions, this approximation often leads to poor agree-
ment between experiment and theory. A striking example is purine
[18], where a study of the solid state vibrational spectra by isolated
molecule and periodic calculations, gave almost quantitativeagreement between theory and experiment for the latter, whereas
the former gave only modest agreement and was unable to distin-
guish between the tautomers. In the present case, where the struc-
ture consists of ions linked by hydrogen bonds, periodic
calculations based on the complete primitive cell are essential
[19]. The only work [20] that includes some solid state effects used
molecular dynamics but from which it is difﬁcult to extract assign-
ments. The aim of this paper is to provide a complete assignment
of the vibrational spectra of L-cysteine in both the orthorhombic
and monoclinic forms by the use of a combination of computa-
tional and experimental methods.2. Experimental
Neutron vibrational (INS) spectra were those reported previ-
ously [21] recorded using the TOSCA [22] and MARI [23] spectrom-
eters at ISIS [24]. The two spectrometers are complementary [25],
TOSCA has excellent resolution in the 0–1800 cm1 range, while
MARI can access the S–H/N–H/C–H stretch region because it can
access lower momentum transfer values than TOSCA at these ener-
gies. Infrared spectra (2 cm1 resolution, 256 scans) were recorded
at room temperature with a Bruker Vertex 70 Fourier transform
infrared spectrometer using a Pike single reﬂection attenuated to-
tal internal reﬂection accessory. Room temperature Raman spectra
were recorded with a Renishaw InVia system using 785 nm excita-
tion and have been corrected for the instrument response.
Periodic density functional theory (periodic-DFT) calculations
were carried out using the plane wave pseudopotential method
as implemented in the CASTEP [26,27] code. Exchange and correla-
tion were approximated using the PBE functional [28]. The plane-
wave cut-off energy was 900 eV. Brillouin zone sampling of
Fig. 1. (a) Schematic structure of L-cysteine, (note that it is a zwitterion)
Conformations of L-cysteine viewed along the C1–C2 bond axis: (b) gauche
(orthorhombic form), (c) gauche (monoclinic form) and (d) trans (monoclinic
form). (Colour on-line: red = oxygen, grey = carbon, blue = nitrogen, yellow = sulfur,
white = hydrogen). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Table 1













S–C 1.830 1.824 1.827 1.819 1.822 1.807
C–C 1.529 1.522 1.528 1.528 1.536 1.530
C–N 1.495 1.484 1.497 1.484 1.500 1.489
C–CO2 1.537 1.536 1.536 1.531 1.537 1.535
C–O 1.272 1.262 1.271 1.256 1.279 1.265
C–O 1.256 1.244 1.259 1.254 1.254 1.243
Angle/
S–CH2–CH 114.9 113.9 116.0 115.1 113.7 113.7
CH2–CH–CO2 111.5 111.1 112.6 111.7 112.0 111.5
CH2–CH–N 111.2 110.7 111.5 111.3 109.0 108.5
CO2–CH–N 111.5 111.0 109.8 110.0 109.7 108.7
O–C–O 125.6 126.1 124.9 125.2 125.7 126.0
Dihedral/
S–C–C–N 70.0 70.6 75.9 74.4 165.2 170.2
S–C–C–C 55.1 53.2 48.0 48.9 73.2 70.2
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grid. The equilibrium structure, an essential prerequisite for lattice
dynamics calculations was obtained by BFGS geometry optimiza-
tion after which the residual forces were converged to zero within
0.0012 eV/A. Phonon frequencies were obtained by diagonalisation
of dynamical matrices computed using density-functional pertur-
bation theory [29] and also to compute the dielectric response
and the Born effective charges, and from these the mode oscillator
strength tensor and infrared absorptivity were calculated. The
atomic displacements in each mode that are part of the CASTEP
output, enable visualisation of the modes to aid assignments and
are also all that is required to generate the INS spectrum using
the program ACLIMAX [30]. It is emphasised that all the spectra
shown have not been scaled.
L-cysteine (97%, Aldrich) was used as received. Powder X-ray
diffraction conﬁrmed that it was the orthorhombic form.
3. Results and discussion
The observed and calculated structures are in good agreement
as shown in Table 1, with bond distances generally within 0.05 Åand bond angles within 1. The only noteworthy differences are
the dihedral angles in the trans conformer in the monoclinic phase
that is predicted to be somewhat more skew than is observed. The
calculations show the orthorhombic polymorph to be marginally
the more stable, although the difference in total energy is only
0.086 eV.
The structures clearly display the N–HO and S–HO hydrogen
bonding motifs described previously [3–6]. However, there is an
additional interaction in the gauche conformer of the monoclinic
phase that has not been previously noted. The experimental [6]
intramolecular SHHN distance is only 2.262 Å, however, this is
based on the S–H (1.342 Å) and N–H (0.929 Å) bond lengths deter-
mined by X-ray crystallography, which typically underestimates
X–H distances by0.1 Å [31]. After geometry optimisation, the dis-
tances become: S–H (1.361 Å) and N–H (1.045 Å) and the SHHN
distance is 2.303 Å. Thus both experiment and theory show that
the distance is less than twice the van der Waal’s radius of hydro-
gen (2.4 Å), the essential prerequisite for a dihydrogen bond [32].
Other structural features are consistent with this assignment: \
N–HH = 128.6 (119.8), \ S–HH = 113.2 (108.2), (ab initio
values in brackets) which fall in the expected ranges 117–171
and 95–120, respectively [32]. The dihedral angle N–HH–
S = 44.2 (34.2) is small, thus the four atoms are nearly coplanar,
as often found in hydrogen bonding systems. The calculated Mul-
liken charges are: (S)H = +0.16 and (N)H = +0.43, thus the require-
ment for a difference in charge, d, d+, is also met. Overall, the
evidence is consistent with the presence of a weak intramolecular
dihydrogen bond SHHN. This is a type of dihydrogen bond that
has not been previously recognised in any system, including amino
acids.
This is clearly an unusual type of dihydrogen bond; those
involving BH or AlH are the most well-known, BH3NH3 being the
paradigm, however, there are many examples known involving
other atoms. Thus transition metal hydrides may be acceptors
and examples of intramolecular C–HH–O dihydrogen bonds are
also known [32].
For both polymorphs, there are four formula units in the prim-
itive cell. In both cases, the site symmetry is C1, for the orthorhom-
bic form the D2 factor group results in all modes being allowed in
the Raman spectrum but only the B1, B2, B3 allowed in the infrared
spectrum with the A1 modes inactive. For the monoclinic form the
Fig. 2. Vibrational spectra of L-cysteine. (a) INS spectrum recorded on TOSCA, (b)
INS spectrum recorded on MARI (Ei = 600 meV), (c) Raman spectrum, (d) infrared
spectrum and (e)4 ordinate expansion of (d).
Fig. 3. Comparison of observed (middle) INS spectrum and those calculated for the
orthorhombic form (top) and the monoclinic form (bottom) of L-cysteine.
Fig. 4. Calculated INS spectra (fundamentals only) of (a) the orthorhombic form, (b)
as (a) but with inclusion of only the sulfhydryl hydrogen and (c) as (a) but with
inclusion of only the [–NH3]+ hydrogen atoms of L-cysteine.
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the modes are allowed in both the infrared and Raman spectrum.
Note that because a mode is allowed in the infrared or Raman, it
does not necessarily have any signiﬁcant intensity. All modes are
allowed in the INS spectrum, however, the dependence of the
intensity on the cross section and the amplitude of vibration
[33], means that there is a strong propensity that only modes with
signiﬁcant motion of the hydrogen atom(s) will have intensity,
thus the carboxylate stretch modes are very weak or absent in
the INS spectrum.
The infrared, Raman and INS spectra of L-cysteine are shown in
Fig. 2. As noted previously [21], similarities and differences are
apparent between all three types of spectra and emphasise the
necessity to have all three forms of spectra for a complete analysis.
Comparison of the experimental and calculated INS spectra is a
stringent test of an ab initio calculation. Fig. 3 compares the exper-
imental spectrum of L-cysteine (middle) with that calculated for
the orthorhombic (top) and monoclinic (bottom) phases. As noted
for the Raman spectra [14], the spectra of the two phases are obvi-
ously different, the experimental spectrum is a better match for the
orthorhombic form, although it is noted that this is a qualitative
judgement, albeit in agreement with the powder X-ray diffraction
result that the sample is the orthorhombic form.
The only signiﬁcant difference between the observed and calcu-
lated INS spectra of the orthorhombic form is that the [–NH3]+ tor-
sion is calculated slightly higher than is observed (545 cm1 vs.
487 cm1), in contrast to isolated molecule calculations
[10,16,17] that place it near 350 cm1. From Fig. 2, it can be seen
that this mode is only observable by INS spectroscopy. Some of
the difference may be a consequence that the calculated structure
at the experimental lattice parameters is at a pressure of 1.5 GPa
and the modes are known to be somewhat pressure sensitive
[14]. The transition energy of 487 cm1 is very close to that seen
in 1,6-diaminoethane dihydrochloride, 468/489 cm1 and suggests
that this may be a useful group frequency for INS, in the same way
that the methyl torsion is commonly observed at 240 ± 10 cm1 in
aliphatic compounds [33].
As noted by other authors, [20], the modes at <200 cm1 are
strongly mixed and it is not possible to distinguish the transla-tional, librational and low energy skeletal modes. At higher ener-
gies, the modes are usually an admixture, with very few that are
pure, thus the description should be read as the leading term in
the potential energy distribution rather than as a complete
description. This is illustrated in Fig. 4 that compares the calculated
INS spectra (fundamentals only) of the orthorhombic polymorph,
4a, with those calculated for just the hydrogen attached to sulphur,
4b, and only the hydrogen atoms attached to the nitrogen atom.
For the sulfhydryl hydrogen, in addition to the expected in- and
out-of-plane bends at 1060 and 340 cm1, respectively, there
are several modes that involve motion of the atom. This is even
Table 2
Experimental and calculated transition energies (cm1), with mode descriptions, of orthorhombic and monoclinic L-cysteine.
Orthorhombic form Monoclinic form Description
INS Raman Infrared CASTEP gauche Raman [14] CASTEP gauche CASTEP trans
13 37 Translation
53 23,49,52,62 56, 43,47,52,55 +Libration
67,77,81 66,71,76,89 70 66,67,74,77 +CH–CO2
92 90,93,97,98 91 84,84,95,100 Torsion
105 101,105,106,111 115 111,112,112,115
120 122,123,127,132 118,129,146,146
148 133,135,141,156 165 163,164,168,173
176 167 161,168,173,180 178,179,193, 212
208,220 209 210,213,229,233 203 207,215 228,244 CH2–CH torsion
284,298 298 288,291,297,304 325 292,292 320,321 CH2–CH–CO2 bend
346, 364 344,346, 514,519 409,439 361,378 S–H out-of-plane bend
371 376,377,380,382 372 374,388 368,369 N–CH–CO2 bend
441,450 444 436,436,444,444 455 441,444 308,308 CH2–CH–SH bend
536 536 536 520,526,532,541 515,532 523,525 502,503 CH2–CH–N bend
487 544,545,546,546 560,561 543,548 NH3 torsion
635 639 636 627,629,629,631 620 611,613 650,653 CH–CO2 stretch
685 693 692 676,677,677,678 662,680 666,668 713,714 C–S stretch
763 773 752,770 748,755,757,763 742,775 734,736 757,759 CH2 rock
810 806 805 800,804,807,808 877 869,869 859,857 CO2 scissors
875 868 865 847,850,850,852 818 806,806 789,792 CO2 wag
942 941 942,947 938,938,943,947 935,947 936,933 963,962 N–CH stretch
999 996,1008 994,1003 986,988,998,1000 1047 1056,1052 1033,1032 CH2–CH stretch
1066 1067 1064 1053,1058,1061,1062 987 981,973 976,973 S–H in-plane bend
1107 1005,1011 1104 1097,1098,1100,1101 1122,1123 1120,1122 NH3 rock
1140 1140 1139 1134,1135,1135,1140 1143,1162 1136,1138 1164,1164 NH3 rock
1202 1199 1195,1202 1181,1182,1183,1185 1207 1189,1191 1181,1182 CH2 twist
1256 1240,1241,12451246 1294 1266,1268 1255,1258 CH2 wag
1260,1274 1267 1275,1280,1281,1286 1334 1273,1274 1313,1317 C–H bend
1296 1294,1302 1294 1331,1333,1337,1341 1349 1328,1329 1341,1344 C–H bend
1350 1345,1354 1346 1363,1363,1369,1374 1366 1373,1378 1372,1380 CO2 symmetric stretch
1413 1398,1425 1390,1422 1409,1411,1413,1415 1436 1408,1408 1423,1425 CH2 scissors
1540 1525 1525,1541 1518,1541,1541,1554 1517 1504,1506 1475,1491 NH3 symmetric bend
1574,1581 1578 1563,1564,1567,1585 1554,1565 1538,1592 NH3 asymmetric bend
1633 1616 1610 1613,1618,1623,1624 1615 1660,1638 1661,1638 NH3 asymmetric bend
1662 1644 1647 1643,1645,1658,1660 1644 1618,1627 1602,1613 CO2 asymmetric stretch
2350 2545,2553 2543,2545,2552 2364,2364,2408,2410 2545,2575 2500,2503 2516,2518 S–H stretch
2639 2646,2651,2657,2664 2930 2479,2525 2953,2959 N–H stretch
2973 2958,2968 2960 2956,2957,2975,2989 3066,3067, 2968,2983 N–H stretch
3000 2996,2996,2997,2997 3002,3002 3012,3013 C–H stretch
3007,3008,3008,3008 2985,2955 2987,2987 2965,2965 CH2 symmetric stretch
3079,3079,3079,3079 3039,3039 3027,3027 CH2 asymmetric stretch
3162 3165 3168,3171,3181,3194 3201,3209 2992,2986 N–H stretch
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the modes across the entire spectral range.
For the monoclinic form, the gauche and trans conformers form
two largely independent sets. This leads to distinct differences in
transition energies between the conformers, a striking example is
that one of the N–H stretch modes of the gauche conformer is al-
most coincident with the S–H stretch at 2500 cm1, the corre-
sponding mode in the trans conformer is almost 500 cm1 higher
in energy. The transition energies for the gauche conformers in
the polymorphs are generally similar but not identical, emphasis-
ing the sensitivity of vibrational spectroscopy to minor structural
differences.
The assignments given in Table 2 are in general agreement with
those in the literature [10,15–17,20] but differ in detail. As already
noted for the [–NH3]+ torsion, the isolated molecule calculations
underestimate the transition energies for deformation modes in-
volved in hydrogen bonding, thus the S–H out-of-plane bend at
340 cm1 is predicted at 150 cm1, whereas it is predicted cor-
rectly by the present periodic-DFT calculations.
The S–H stretch of cysteine residues in proteins has been used
as a probe of sulfhydryl hydrogen bonding [34–36]. In the tail spike
protein [36] the range is 2530–2585 cm1, for strong to very weak
hydrogen bonds, thus in L-cysteine, the value of 2550 cm1 indi-
cates a strong S–H hydrogen bond.4. Conclusions
This paper reports the ﬁrst calculation of the complete unit cell
of L-cysteine for the orthorhombic and monoclinic polymorphs.
The spectra of both polymorphs are clearly distinguishable. The
strong intermolecular interactions present make the use of peri-
odic-DFT essential in order to correctly assign the spectra. The
need for, and the complementarity of, all three types of vibrational
spectra: infrared, Raman and INS is clearly demonstrated.Acknowledgments
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